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ABSTRACT
We set limits on the presence of the synchrotron cosmic web through the cross-
correlation of the 2.3 GHz S-PASS survey with a model of the local cosmic web derived
from constrained magnetohydrodynamic (MHD) simulations. The MHD simulation
assumes cosmologically seeded magnetic fields amplified during large-scale structure
formation, and a population of relativistic electrons/positrons from proton-proton col-
lisions within the intergalactic medium. We set a model-dependent 3σ upper limit on
the synchrotron surface brightness of 0.16 mJy arcmin−2 at 2.3 GHz in filaments. Ex-
trapolating from magnetic field maps created from the simulation, we infer an upper
limit (density-weighted) magnetic field of 0.03 (0.13) µG in filaments at the current
epoch, and a limit on the primordial magnetic field (PMF) of BPMF <1.0 nG.
Key words: cosmic web – magnetic fields – cross-correlation
1 INTRODUCTION
The evolution of the diffuse intergalactic medium is diffi-
cult to observationally constrain, owing to its low density
and temperature. The T=105-107 K warm-hot intergalactic
medium (WHIM Dave´ et al. 2001; Cen & Ostriker 2006) is
extremely faint at most wavelengths, though it contains as
much as half the total baryon content of the local Universe
(Bregman 2007). Direct detection of this gas is extremely
difficult, though some recent claims have been made (Can-
talupo et al. 2014; Martin et al. 2015; Eckert et al. 2015).
Indirect methods have been proposed to try and infer the
presence of the WHIM, such as the pressure balance in Gi-
ant Radio Galaxy lobes (e.g., Malarecki et al. 2013) and Fast
Radio Burst dispersion measures (Akahori et al. 2016; Fujita
et al. 2017). Another indirect method is to observe the non-
thermal radio synchrotron emission generated by the rela-
? E-mail: shea-brown@uiowa.edu
tivistic plasma believed to coexist with the WHIM (Keshet
et al. 2004; Pfrommer et al. 2006; Ryu et al. 2008; Skill-
man et al. 2008; Araya-Melo et al. 2012; Vazza et al. 2014,
2015a,b). If this plasma is detected at radio wavelengths,
it can constrain the origin of the large-scale magnetic fields
that permeate the intergalactic medium of galaxy clusters
(see Brunetti & Jones 2014, for a review), differentiating,
e.g., between the interaction of radio and star-forming galax-
ies with the WHIM (e.g. Donnert et al. 2009) and a primor-
dial magnetic field (Marinacci et al. 2015). Observationally
inferring the presence of magnetic (B) fields outside of dense
clusters of galaxies is extremely difficult (e.g. Xu et al. 2006),
and B field estimates from simulations can vary from 0.2 µG
(Cho & Ryu 2009) to 0.005 µG (Donnert et al. 2009), de-
pending on the models used for seeding and amplifying the
fields. Any measurement of these currently unconstrained
values would provide a useful constraint for differentiating
between the possible models.
The presence of a faint radio“Synchrotron Cosmic Web”
c© 2017 The Authors
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(which we will call simply cosmic web for short) that traces
the WHIM, has yet to be observationally confirmed (Wilcots
2004; Vazza et al. 2015b). The physical mechanisms produc-
ing this synchrotron emission are the acceleration of rela-
tivistic particles by shocks and turbulence, and recent cos-
mological simulations have now focused on tracing these
mechanisms in the filamentary regions of the cosmic web
(Araya-Melo et al. 2012; Vazza et al. 2014, 2015a,b), and
they predict surface-brightnesses up to a few µJy/arcmin2
in the largest filaments at 1.4 GHz, which is currently only
attainable through the statistical analysis we propose below.
Besides intrinsically low surface-brightness, diffuse
emission from the Milky Way presents yet another obsta-
cle for the detection of the synchrotron cosmic web. Syn-
chrotron emission from the Milky Way dominates the cosmic
web at all frequencies and scales, though surface-brightness
fluctuations decrease at smaller angular scales (La Porta et
al. 2008). Unlike the foreground issues in cosmic microwave
background (CMB) analysis, this foreground has a similar
frequency behavior to the cosmic web, and thus cannot be
removed with template matching at other wavelengths (e.g.
Gold et al. 2011). At the present time, statistical detection
of the cosmic web may be the only option to get around the
problem of confusion from both the Galaxy and background
extragalactic sources.
One possible method of statistical detection is cross-
correlation. Cross-correlation is a technique to statistically
detect emission below the noise level of a map (both in-
strumental and source noise) . The widest use of this tech-
nique has been on the cosmic microwave background (CMB),
where it has been used to detect the late Integrated Sachs-
Wolfe (ISW) effect (e.g. Crittenden & Turok 1996; Boughn
& Crittenden 2004; Nolta et al. 2004; McEwen et al. 2007;
Liu et al. 2011). Cross-correlation can be performed in
many ways, and has been attempted successfully in real
(e.g. Nolta et al. 2004), harmonic (Afshordi et al. 2004),
and wavelet (McEwen et al. 2007) space. For our purposes,
cross-correlation can be used to infer the presence and av-
erage surface-brightness of the synchrotron cosmic web (e.g.
Brown et al. 2010; Brown 2011; Vernstrom et al. 2017), pro-
vided that we have a plausible model for the spatial distri-
bution of the diffuse radio emission. This method was first
attempted on a small region of the northern sky using single
dish observations at 1.4 GHz (Brown et al. 2010), and more
recently utilizing deep Murchison Widefield Array (MWA)
data at a frequency of 180 MHz (Vernstrom et al. 2017).
Both studies used the distribution of galaxies (binned in
redshift) as tracers of large-scale structure. In the case of
Vernstrom et al. (2017), they further modified the galaxy
distribution (galaxies per pixel) to model the distribution
of the diffuse radio emission through convolution at Mpc
scales, and utilised the scaling relations derived in Vazza et
al. (2015b) to derive magnetic field upper limits. One limita-
tion to this approach is the lack of a detailed spatial model of
how the radio emission correlates with large-scale structure
(beyond linearly), something that the current work attempts
to overcome using constrained magnetohydrodynamic sim-
ulations of the local Universe.
In this paper we cross-correlate the radio continuum
map from The S-Band Polarization All-Sky Survey (S-
PASS) with a model of the synchrotron cosmic web obtained
through a cosmological simulation of the local Universe. In
§2 we describe the S-PASS data, the model of the cosmic
web, and our pre-processing of the images. §3 outlines the
cross-correlation procedure, results, and how we compute
upper-limits on the surface-brightness of the cosmic web,
and in §4 we discuss the implications of our limits for theo-
ries of cosmic magnetism and particle acceleration in large-
scale structure, as well as prospects for direct detection with
upcoming Square Kilometre Array pathfinders.
2 THE DATA
2.1 S-PASS Radio Data
The S-Band Polarization All-Sky Survey (S-PASS) is an
2.3 GHz continuum polarization survey of the southern sky
using the Parkes 64 m telescope operated by CSIRO As-
tronomy & Space Science in NSW, Australia (Carretti et al.
2013a). The current paper only utilizes the total intensity
image produced from the survey. The 2.3 GHz system at
Parkes has a resolution of 9′, however final S-PASS maps
have a resolution of 10.75′, after a convolution with a Gaus-
sian kernel with FWHM=6′ applied during the map-making
process (details will be presented in the forthcoming S-PASS
survey paper, Carretti et al., in prep.). With a sensitivity of
1 mJy beam−1, and high sensitivity to large-scale diffuse
emission, S-PASS is ideally suited for detecting synchrotron
emission within the cosmic web. The point-source confusion
limit is 13 mJy/beam in the total intensity images (Meyers
et al. 2017). The survey data was converted into Healpix
format (Go´rski et al. 2005) with Nside=1024, which has an
approximate pixel size of 3′ (Fig. 1, Left). We have already
utilized the S-band Polarization All-Sky Survey (S-PASS)
to detect a synchrotron bridge connecting the cluster centre
to the major outgoing merger shock in the massive cluster
Abell 3667 (Carretti et al. 2013b), which demonstrates the
ability of S-PASS to detect faint extragalactic synchrotron
emission associated with large-scale structure.
The S-PASS image is dominated by large-scale Galactic
emission, so we have subtracted out a 300′ median-weight
filter. The filter size was chosen to optimize the removal of
the Galactic foreground without subtracting too much of the
potential cosmic web emission, which we estimated from our
model below. After this filtering, Galactic and extragalactic
point-sources remain, as well as diffuse emission less than
∼300′ in extent. In order to remove the point sources, we
further applied a circular spatial-scale filter of diameter 27′,
chosen to be 2.5x the beam to remove bright compact sources
with < 1% residuals (Rudnick 2002). Figure 1 (Left) shows
the resulting map, which has an rms noise of 26 mJy/beam
(mostly confusion from residual compact sources and Galac-
tic diffuse emission) in the clean unmasked regions (see §3.1).
It should be noted that diffuse emission of any spatial scale
below the noise level of the map will not get removed by the
median or spatial-scale filters (Rudnick 2002). We account
for any missing cosmic web flux in our analysis of the upper
limits below.
2.2 Synchrotron cosmic web Model
In order to spatially resolve filaments of galaxies, which have
a typical width of 1-2 Mpc (e.g. Ryu et al. 2003), we restrict
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our redshift range of interest to z < 0.048 in order to have
at least 2 × 10′ S-PASS beams across a 1 Mpc filament1.
We have therefore adopted as a model the simulations of
(Dolag et al. 2004, 2005) and Donnert et al. (2009), which
trace the amplification of magnetic fields, along with the
thermal gas, in a constrained simulation that reproduces lo-
cal large-scale structure. The simulation used initial condi-
tions based on the IRAS 1.2 Jy galaxy survey (Fisher et
al. 1995), and reproduces local clusters and super-structures
with sizes >3 Mpc (e.g., Virgo, Coma, Centaurus, Hydra,
Perseus, A3627), including some smaller structures such as
the merging substructure within the Coma cluster (Don-
nert et al. 2010). The source of the radiating CR electrons
in the simulation are secondary electrons/positrons (CRe±)
created from collisions between CR protons and the thermal
protons of the WHIM (Dennison 1980; Blasi & Colafrancesco
1999). The motivations for using the secondary model are
twofold; 1) the CR protons should be shock-accelerated dur-
ing the buildup of large-scale structure (LSS) and live for a
Hubble time, making their presence in filaments expected
at some level (e.g. Blasi et al. 2007), and 2) the number
density of these CRe± should be low in filaments, so using
this model should produce a conservative upper limit on the
magnetic fields.
Donnert et al. (2009) used different models for seeding
the magnetic fields at high redshift, and traced the amplifica-
tion of these fields during the collapse of the local structures.
These simulations have been used to model the giant radio
halo of the Coma cluster (Donnert et al. 2009), Faraday
rotation from the local cosmic web (Stasyszyn et al. 2010,
also through cross-correlation), and the origin of fast radio
bursts (FRBs, Dolag et al. 2015). Figure 2 shows magnetic
field strength as a function of density for the various mag-
netic field models used with the simulation. The magnetic
field values in filamentary regions for all models in Fig. 2
are lower than the work of, e.g., Ryu et al. (2008) and Cho
& Ryu (2009), that predict B∼0.001 µG, though there is no
discrepancy in dense cluster cores.
The model that we explore in this paper (which we call
cosmological) is the one presented by Dolag et al. (2004),
which uses a uniform cosmological magnetic field of 10−11 G
seeded at high redshift and evolved to the present epoch
(green line in Fig. 2). This primordial magnetic field (PMF)
is an order of magnitude lower than the upper limits placed
by Planck (Planck Collaboration et al. 2016), though in Fig.
2 we can see that this model predicts the highest values
for magnetic fields within filaments, and is the most opti-
mistic model for detection given the limited sensitivity of
the S-PASS maps. The other two models in Fig. 2 consider
seeding magnetic fields through dipolar galactic outflows at
either a single epoch (Galactic Outflows) or multiple epochs
(Repeated Galactic Outflows), both predicting significantly
weaker magnetic fields in filamentary regions compared to
the cosmological model. The solid grey lines show the results
of simple adiabatic compression of a primordial field, for ref-
erence. Fig. 3 shows the electron density and 1.4 GHz radio
emission from this model. The radio emission in the clus-
1 Resolving filaments is necessary to distinguish the diffuse fil-
amentary IGM radio emission from compact radio/star-forming
galaxies within the filaments
ter cores is roughly what is currently observed in the Coma
cluster (e.g Brown & Rudnick 2011), though the simulation
shows clearly more diffuse emission in the filamentary re-
gions; this is the as yet undetected synchrotron cosmic web.
3 CROSS-CORRELATION ANALYSIS &
UPPER LIMITS
We perform a cross-correlation of the S-PASS and the cos-
mic web map by using anafast implemented in the Python
module Healpy. We first calculate the pseudo cross-power
spectrum (Hivon et al. 2002) through anafast’s spher-
ical harmonic decomposition and then calculate a cross-
correlation function from the measured Cl values from,
CCF (θ) =
∑
l
2l + 1
4pi
ClPl (cosθ) , (1)
where the Pl are Legendre polynomials. The error bars
used below are calculated using cosmic variance only, and
are given by V ar(Cl) = 2C
2
l /fsky(2l + 1), which should
be regarded as lower limits. Before we perform the cross-
correlation, we need to construct the appropriate mask, as
well as measure the likelihood of spurious correlations in the
data.
3.1 The Mask
We are only interested in correlations between the two maps
that correspond to low-density regions of the cosmic web,
and must therefore mask out other possible sources of cor-
relation. Our first consideration is the Galactic plane, which
needs to be excluded for several reasons. First, the S-PASS
map (Fig. 1) shows very large-scale diffuse emission in the
plane which is for the most part not extragalactic. In ad-
dition, the model of the cosmic web was based on con-
strained simulations of the local LSS, which used initial con-
ditions based on the IRAS 1.2 Jy galaxy survey (Fisher et
al. 1995); these initial conditions could be contaminated by
Galactic dust extinction, resulting in an anti-correlation (see
Dolag et al. 2004). We therefore applied the Planck CMB
mask (Planck Collaboration et al. 2016) which masks out
the Galactic plane and many of the brightest extragalactic
point-sources. Residual emission remained due to the Galaxy
and the bright extragalactic source Centaurus A (Feain et
al. 2011), so we further masked regions where the filtered
S-PASS map was >0.1 Jy/beam. We have also masked out
regions with extinction E(B-V)>0.1 from the Schlegel et al.
(1998) maps, as well as galactic latitudes |b| <10 degrees.
As we are interested in only the filamentary regions of
the cosmic web, we have also masked out regions where the
thermal electron density is greater than 10−3 cm−2. The
results are shown in Fig. 4. The total unmasked fraction of
the sky is fsky=26%.
3.2 Random Correlations
In order to interpret the significance of the result we need
to know the range of CCF values expected when there is no
real correlation present. To do this we must cross correlate
the S-PASS image with random maps (which should have
MNRAS 000, 1–9 (2017)
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Figure 1. Left: Original S-PASS image orthographic projection (half the sky) centered on the South Celestial Pole; Right: Residual
small-scale emission after subtracting a median-weight filtered image (300′ circular filter), and applying a spatial scale filter (Rudnick
2002) that removes emission less than 27′ in size.
Figure 2. Plot of average magnitude of magnetic field as a func-
tion of fractional density for the models used by Dolag et al.
(2004, 2005) and Donnert et al. (2009). This work focuses on the
cosmological model, which predicts the highest values within fila-
ments. The horizontal green bar is the 3σ upper limit derived in
this work. < ρ > is the average density of the simulation.
no true correlation) that have the same physical character-
istics as the LSS simulation, such as the same mean and
clustering properties. In order to simulate random maps,
while insuring that the statistics are as close as possible
to the original, we have created 10 new versions of the
cosmological model by rotating/flipping the all-sky map by
combinations of 45◦, 90◦, and 180◦ in Galactic latitude and
longitude. These rotated maps, which should no longer be
correlated with the real radio sky, were also cross-correlated
with the S-PASS image. Figure 5 (top) shows the plot of the
CCF as a function of angular scale. The blue line shows the
CCF of S-PASS and the original cosmological model map.
The dashed red line is the mean CCF of S-PASS and the 10
rotated maps, the shaded blue region is the 1σ range of the
CCFs2 and the dashed green line is the 3σ upper envelope.
Note that the correlation function is slightly above mean of
the random maps at small angles, but well below even the
1σ significance level, and is considered a non-detection.
Upper Limits: To estimate an upper limit from this non-
detection, we must add a fake cosmic-web signal into the S-
PASS map (below the noise) and repeat the cross-correlation
procedure. To do this, we take one of the rotated cosmic
web maps and add it to the S-PASS map iteratively with
an increasing multiplicative factor (we have chosen the map
that has been rotated by 180o in both Galactic latitude
and longitude). For each iteration we reproduced the cross-
correlation, and terminated the procedure when the cross-
correlation of the injected S-PASS map and the correspond-
ing rotated cosmic web map reaches roughly 3σ at any an-
gular scale. The injection takes place before the spatial scale
filtering, and we repeat the exact process of cross-correlating
this injected map with the rotated model maps. The filter-
ing will remove some of the injected signal, alter the S-PASS
map, and thus affect the shapes of the correlation functions,
all of which should be included when calculating the limit.
We show the cross-correlation of the model-injected S-PASS
map at the point of termination in Fig. 5 (bottom), where
2 The 1σ from the mean is obtained by the quadrature sum of
the rms of the 10 random maps and the cosmic variance in each
angular bin.
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Figure 3. Left: Electron density map (log10(ne) [cm−3]) from the cosmological model of (Dolag et al. 2004); Right: Radio synchrotron
map (log10(I) [mJy arcmin−2]) at 1.4 GHz from the cosmological model.
the cross-correlation function with the injected model (times
the scale factor) has reached 3σ at an angular scale of θ ≈ 1o
(solid red line in Fig. 5). We should note that the correla-
tion persists at a low level out the 5 degrees of our 300′
median-weight filter. From the radio map of the cosmologi-
cal model (Fig. 3 Right), we used the multiplicative factor
at convergence (800±10) to create an upper limit map; had
the radio emission from the cosmic-web been as bright as
this map, we would have detected it at the 3σ level. From
this map we measured the average surface-brightness in fil-
aments (defined as 3× 10−4 < ne < 5× 10−3 [cm−3]) to be
20.9 mJy beam−1, or 0.16 mJy arcmin−2. The density range
corresponds to an overdensity range of δ=3-50, typical of fil-
aments and cluster outskirts (e.g., Vazza et al. 2014). Figure
6 (top) shows the upper limit map, masking out all but the
filamentary regions (in the ne range described above) where
the average radio brightness was taken.
4 DISCUSSION & CONCLUSION
We now investigate what the limit for the cosmological model
means for our knowledge of the magnetic fields in large-scale
structure, as well as the prospects for detection of the cosmic
web with upcoming surveys.
4.1 Magnetic Fields
To estimate the average magnetic field from the surface-
brightness, we extracted the magnetic field values from the
cosmological simulation (Fig. 6) and scaled it relative to the
amount that the 3σ upper limit surface-brightness is greater
than the simulations brightness. In order to do this scaling,
we must take into account both the spectral index of the
radio emission α and the scaling of the synchrotron emissiv-
ity with the magnetic field. In the limit where the magnetic
field B is much less than BCMB/(1+z)
2=3.24 µG (the equiv-
alent effective magnetic field strength used to parameterize
the electron Compton energy losses), the synchrotron emis-
sivity r of the simulation goes as
r ∼ XpneB1+α ν−α, (2)
so we scale the magnetic field from the simulation by a factor
of
(
(′r/r)
(ν′/ν)−α
)1/(1+α)
, (3)
where ′ is the average surface brightness of our injected
signal, ν′=2.3 GHz (the S-PASS frequency), ν=1.4 GHz (the
simulation frequency), ne is the number density of thermal
electrons (in [cm−3]), and α ≈ 1.0 for the secondary electrons
assumed in the simulation. The factor Xp is the relative
fraction of the energy density of cosmic-ray protons with
respect to the thermal gas, and for the current simulations a
constant value of Xp=0.01 was used (Dolag et al. 2004). By
taking the average value of the scaled magnetic field map in
the same density regions as above, we obtain an upper limit
magnetic field value of 0.03 µG. However, given that we are
constraining the magnetic field using synchrotron emission,
a density-weighted average of
Bfilament < 0.13 µG
(
0.01
Xp
)1/(1+α)
(4)
over the region is more appropriate, where we have also in-
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Figure 4. Top: S-PASS image after all the filtering and with the
mask applied. Note that the scale has been changed compared to
Fig. 1 in order to bring out low-level features. Bottom: The radio
emission from the simulation with the same mask applied. The
total unmasked fraction of the sky is fsky = 26%.
cluded the dependency on Xp and α. Fig. 6 (bottom) shows
a map of the magnetic field limits in the filamentary over-
density range where the average was taken. We should note
that this value is dependent on the assumed model of the
local magnetized cosmic web, especially the assumption that
the CRe± were created through hadronic interactions, and
does not include any primary cosmic-ray electrons produced
in shocks and/or turbulence (e.g. Vazza et al. 2015a,b). Not
including these acceleration mechanisms makes this a true
upper limit on the field, as simulations focusing only on pri-
mary electrons directly accelerated at structure formation
shocks find comparable or higher densities of CRe± (e.g.
Skillman et al. 2008; Araya-Melo et al. 2012; Vazza et al.
2014, 2015a). Under the assumed model, we can use Equa-
tions (3) and (4) to infer a limit on the primordial magnetic
field from the simulation to obtain
BPMF < 1.0 nG
(
0.01
Xp
)1/(1+α)
. (5)
To obtain this we take the assumed 10−11 G PMF of the sim-
ulations, scale it by the factor in equation (3), keeping the
model dependence explicit as in equation (4). This is a fac-
tor of a few below the limits obtained by Planck (B1Mpc <
4.4 nG; Planck Collaboration et al. 2016), and compara-
ble to the recent limit derived through a joint Planck +
South Pole Telescope analysis (B1Mpc < 1.5 nG; Zucca et al.
2016). However, constraints from the Coma cluster restrict
Xp ∈ [10−3, 10−2], which introduces a significant model un-
certainty into Equ. (3) and (4) (e.g., Donnert 2013).
Vernstrom et al. (2017) recently performed a similar
cross-correlation experiment using low frequency Murchison
Widefield Array (MWA) data and the distribution of galaxy
counts. The approach taken in Vernstrom et al. (2017) uses
deeper observations at lower frequency, both of which are ad-
vantages when searching for faint, steep spectrum emission
(Brown 2011), though over a smaller area of the sky than
presented here. Without access to a direct spatial model of
the synchrotron cosmic web at higher redshift, Vernstrom
et al. (2017) used a scaling relation derived from Vazza et
al. (2015b) to find magnetic field limits of 0.03-1.98 µG,
depending on the assumed spectral index, which is compa-
rable to the limits derived here. While the Vernstrom et al.
(2017) work reached a deeper surface-brightness limit with
the MWA, this work was able to achieve similar limits on the
magnetic field by referencing a single simulated model of the
local Universe. This in turn means that the limit presented
here suffers from being highly dependent on the model of
Dolag et al. (2004), in particular the source of the radiating
CRe±. Future observations that can independently constrain
the cosmic-ray electron production mechanism can make ob-
servations of the cosmic web a competitive and complemen-
tary method for constraining primordial magnetic fields.
4.2 Future Direct Detection
The limits on the surface-brightness of the synchrotron cos-
mic web inferred above are deep compared to current ra-
dio observations due to the statistical reduction in the noise
allowed by cross-correlation. The S-PASS limit derived at
2.3 GHz corresponds to I1.4 GHz <0.073 µJy/arcsec
2, while
the average brightness of diffuse synchrotron emission in
clusters of galaxies is typically around 1 µJy/arcsec2 at
1.4 GHz (Brunetti & Jones 2014). This brightness limit
is not currently out of reach for deep, interferometric ra-
dio observations, though confusion from point-sources cur-
rently sets the limit on our ability to reach these levels
in practice (Vernstrom et al. 2014, 2017). Vernstrom et al.
(2017) demonstrated that confusion could be overcome sta-
tistically through cross-correlation, but direct detection will
require detailed modeling and subtraction of detected com-
pact sources.
Upcoming all-sky surveys will reach sensitivities where
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direct detection of the brightest portions of the syn-
chrotron cosmic web will be made possible. For exam-
ple, the Evolutionary Map of the Universe (Norris et al.
2011) survey with the Australian Square Kilometre Array
Pathfinder (ASKAP), will have an RMS noise on the order of
0.1 µJy/arcsec2, and could potentially reach the above limit
directly so long as the interferometric nature of ASKAP does
not filter out the diffuse emission (Brown 2011). Given the
optimistic value of Xp assumed in this work, and the dis-
tance between our upper limit and the simulation magnetic
field in Fig. 2, the true radio emissivity in the cosmic-web
might be out of reach for the EMU survey. See Vazza et al.
(2015b) for a comparison of upcoming radio surveys (includ-
ing LOFAR, MeerKAT, and the SKA) and their ability to
probe the synchrotron cosmic web when primary accelerated
electrons are considered.
To summarize our results, we performed a cross-
correlation between the S-PASS radio survey at 2.3 GHz
with a simulated model of the local synchrotron cosmic web,
and were able to place model dependent limits on the av-
erage surface-brightness (<0.16 mJy arcmin−2 at 2.3 GHz)
and density-weighted magnetic field (<0.13 µG) at the 3σ
level. We further placed a limit on the primordial magnetic
field (BPMF <1.0 nG) that is competitive to the current
cosmic microwave background limits set by Planck + SPT
(Zucca et al. 2016), highlighting the potential power of a di-
rect detection of the synchrotron cosmic web with upcoming
radio telescope surveys.
ACKNOWLEDGEMENTS
We would like to thank Franco Vazza for helpful discus-
sions during the initial phases of this project. This work has
been carried out in the framework of the S-band Polarisation
All Sky Survey (S-PASS) collaboration. The Parkes Radio
Telescope is part of the Australia Telescope National Fa-
cility, which is funded by the Commonwealth of Australia
for operation as a National Facility managed by CSIRO.
The Dunlap Institute is funded through an endowment es-
tablished by the David Dunlap family and the University
of Toronto. B.M.G. and T.V. acknowledge the support of
the Natural Sciences and Engineering Research Council of
Canada (NSERC) through grant RGPIN-2015-05948, and
of the Canada Research Chairs program. Parts of this re-
search were conducted” by the Australian Research Council
Centre of Excellence for All-sky Astrophysics (CAASTRO),
through project number CE110001020.
REFERENCES
Ackermann, M., et al. 2010, ApJ, 717, L71
Afshordi, N., Loh, Y.-S., & Strauss, M. A. 2004, Phys. Rev. D,
69, 083524
Akahori, T., Ryu, D., & Gaensler, B. M. 2016, ApJ, 824, 105
Araya-Melo, P. A., Arago´n-Calvo, M. A., Bru¨ggen, M., & Hoeft,
M. 2012, MNRAS, 423, 2325
Blasi, P., & Colafrancesco, S. 1999, Astroparticle Physics, 12, 169
Blasi, P., Gabici, S., & Brunetti, G. 2007, International Journal
of Modern Physics A, 22, 681
Bock, D. C.-J., Large, M. I., & Sadler, E. M. 1999, AJ, 117, 1578
Bonafede, A., Govoni, F., Feretti, L., Murgia, M., Giovannini, G.,
& Bru¨ggen, M. 2011, A&A, 530, A24
Boughn, S., & Crittenden, R. 2004, Nature, 427, 45
Bregman, J. N. 2007, ARA&A, 45, 221
Brown, S., & Rudnick, L. 2009, AJ, 137, 3158
Brown, S., Farnsworth, D., & Rudnick, L. 2010, MNRAS, 402, 2
Brown, S., & Rudnick, L. 2011, MNRAS, 412, 2
Brown, S. D. 2011, Journal of Astrophysics and Astronomy, 32,
577
Brunetti, G., Setti, G., Feretti, L., & Giovannini, G. 2001, MN-
RAS, 320, 365
Brunetti, G., Blasi, P., Cassano, R., & Gabici, S. 2004, MNRAS,
350, 1174
Brunetti, G., Venturi, T., Dallacasa, D., Cassano, R., Dolag, K.,
Giacintucci, S., & Setti, G. 2007, ApJ, 670, L5
Brunetti, G., et al. 2008, Nature, 455, 944
Brunetti, G., Cassano, R., Dolag, K., & Setti, G. 2009, A&A, 507,
661
Brunetti, G., & Lazarian, A. 2011, MNRAS, 410, 127
Brunetti, G., & Jones, T. W. 2014, International Journal of Mod-
ern Physics D, 23, 1430007-98
Buote, D. A. 2001, ApJ, 553, L15
Cantalupo, S., Arrigoni-Battaia, F., Prochaska, J. X., Hennawi,
J. F., & Madau, P. 2014, Nature, 506, 63
Carilli, C. L., & Taylor, G. B. 2002, ARA&A, 40, 319
Carretti, E., Crocker, R. M., Staveley-Smith, L., et al. 2013, Na-
ture, 493, 66
Carretti, E., Brown, S., Staveley-Smith, L., et al. 2013, MNRAS,
430, 1414
Cassano, R., & Brunetti, G. 2005, MNRAS, 357, 1313
Cassano, R., Brunetti, G., & Setti, G. 2006, MNRAS, 369, 1577
Cassano, R., Brunetti, G., Setti, G., Govoni, F., & Dolag, K. 2007,
MNRAS, 378, 1565
Cassano, R., Brunetti, G., Venturi, T., Setti, G., Dallacasa, D.,
Giacintucci, S., & Bardelli, S. 2008, A&A, 480, 687
Cassano, R., Ettori, S., Giacintucci, S., Brunetti, G., Markevitch,
M., Venturi, T., & Gitti, M. 2010, ApJ, 721, L82
Cassano, R., Brunetti, G., Ro¨ttgering, H. J. A., & Bru¨ggen, M.
2010, A&A, 509, A68
Cen, R., & Ostriker, J. P. 2006, ApJ, 650, 560
Cho, J., & Ryu, D. 2009, ApJ, 705, L90
Clarke, T. E. 2004, Journal of Korean Astronomical Society, 37,
337
Crittenden, R. G., & Turok, N. 1996, Physical Review Letters,
76, 575
Dave´, R., Cen, R., Ostriker, J. P., et al. 2001, ApJ, 552, 473
Dennison, B. 1980, ApJ, 239, L93
Dolag, K., Grasso, D., Springel, V., & Tkachev, I. 2004, Soviet
Journal of Experimental and Theoretical Physics Letters, 79,
583
Dolag, K., Grasso, D., Springel, V., & Tkachev, I. 2005, J. Cos-
mology Astropart. Phys., 1, 009
Dolag, K., Gaensler, B. M., Beck, A. M., & Beck, M. C. 2015,
MNRAS, 451, 4277
Donnert, J., Dolag, K., Lesch, H., & Mu¨ller, E. 2009, MNRAS,
392, 1008
Donnert, J., Dolag, K., Brunetti, G., Cassano, R., & Bonafede,
A. 2010, MNRAS, 401, 47
Donnert, J. M. F. 2013, Astronomische Nachrichten, 334, 515
Eckert, D., Jauzac, M., Shan, H., et al. 2015, Nature, 528, 105
Enßlin, T., Pfrommer, C., Miniati, F., & Subramanian, K. 2011,
A&A, 527, A99
Feain, I. J., Cornwell, T. J., Ekers, R. D., et al. 2011, ApJ, 740,
17
Ferrari, C., Govoni, F., Schindler, S., Bykov, A. M., & Rephaeli,
Y. 2008, Space Sci. Rev., 134, 93
Fisher, K. B., Huchra, J. P., Strauss, M. A., et al. 1995, ApJS,
100, 69
MNRAS 000, 1–9 (2017)
8 S. Brown et al.
Figure 5. (top) The cross-correlation function for the cosmological model with the S-PASS radio map is the blue solid line. The blue
shaded region is the ±1σ from the mean (red dashed line) of the rotated models correlations with the SPASS map. The green dashed
line is the 3σ upper threshold. Bottom: Correlation functions as above after injecting fake cosmic web emission into the S-PASS map.
The solid red line is the cross-correlation function of the SPASS map and the rotated model that was injected.
Fujita, Y., Akahori, T., Umetsu, K., Sarazin, C. L., & Wong,
K.-W. 2017, ApJ, 834, 13
Gold, B., Odegard, N., Weiland, J. L., et al. 2011, ApJS, 192, 15
Go´rski, K. M., Hivon, E., Banday, A. J., et al. 2005, ApJ, 622,
759
Govoni, F., & Feretti, L. 2004, International Journal of Modern
Physics D, 13, 1549
Govoni, F., Markevitch, M., Vikhlinin, A., van Speybroeck, L.,
Feretti, L., & Giovannini, G. 2004, ApJ, 605, 695
Hivon, E., Go´rski, K. M., Netterfield, C. B., et al. 2002, ApJ, 567,
2
Jeltema, T. E., & Profumo, S. 2011, ApJ, 728, 53
Keshet, U., Waxman, E., & Loeb, A. 2004, ApJ, 617, 281
Keshet, U., & Loeb, A. 2010, ApJ, 722, 737
Keshet, U. 2010, arXiv:1011.0729
Kova´cs, A., & Szapudi, I. 2015, MNRAS, 448, 1305
La Porta, L., Burigana, C., Reich, W., & Reich, P. 2008, A&A,
479, 641
Liu, G.-C., Ng, K.-W., & Pen, U.-L. 2011, Phys. Rev. D, 83,
063001
Martin, D. C., Matuszewski, M., Morrissey, P., et al. 2015, Nature,
524, 192
Malarecki, J. M., Staveley-Smith, L., Saripalli, L., et al. 2013,
MNRAS, 432, 200
Marinacci, F., Vogelsberger, M., Mocz, P., & Pakmor, R. 2015,
MNRAS, 453, 3999
McEwen, J. D., Vielva, P., Hobson, M. P., Mart´ınez-Gonza´lez, E.,
& Lasenby, A. N. 2007, MNRAS, 376, 1211
B. W. Meyers, N. Hurley-Walker , P. J. Hancock, T. M. O.
Franzen, E. Carretti, L. Staveley-Smith, B. M. Gaensler, M.
MNRAS 000, 1–9 (2017)
S-PASS Cross-Correlation 9
Haverkorn, S. Poppi, 2017, PASA, submitted
Nolta, M. R., Wright, E. L., Page, L., et al. 2004, ApJ, 608, 10
Norris, R. P., et al. 2011, arXiv:1106.3219
Petrosian, V. 2001, ApJ, 557, 560
Pfrommer, C., Springel, V., Enßlin, T. A., & Jubelgas, M. 2006,
MNRAS, 367, 113
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2016,
A&A, 594, A19
Rudnick, L. 2002, PASP, 114, 427
Rudnick, L., & Lemmerman, J. A. 2009, ApJ, 697, 1341
Russell, H. R., et al. 2011, arXiv:1105.0435
Ryu, D., Kang, H., Hallman, E., & Jones, T. W. 2003, ApJ, 593,
599
Ryu, D., Kang, H., Cho, J., & Das, S. 2008, Science, 320, 909
Sadat, R., Blanchard, A., Kneib, J.-P., Mathez, G., Madore, B.,
& Mazzarella, J. M. 2004, A&A, 424, 1097
Santos, J. S., Rosati, P., Tozzi, P., Bo¨hringer, H., Ettori, S., &
Bignamini, A. 2008, A&A, 483, 35
Skillman, S. W., O’Shea, B. W., Hallman, E. J., Burns, J. O., &
Norman, M. L. 2008, ApJ, 689, 1063-1077
Stasyszyn, F., Nuza, S. E., Dolag, K., Beck, R., & Donnert, J.
2010, MNRAS, 408, 684
Vazza, F., Bru¨ggen, M., Gheller, C., & Wang, P. 2014, MNRAS,
445, 3706
Vazza, F., Ferrari, C., Bonafede, A., et al. 2015, Advancing As-
trophysics with the Square Kilometre Array (AASKA14), 97
Vazza, F., Ferrari, C., Bru¨ggen, M., et al. 2015, A&A, 580, A119
Venturi, T., Giacintucci, S., Brunetti, G., Cassano, R., Bardelli,
S., Dallacasa, D., & Setti, G. 2007, A&A, 463, 937
Venturi, T., Giacintucci, S., Dallacasa, D., Cassano, R., Brunetti,
G., Bardelli, S., & Setti, G. 2008, A&A, 484, 327
Vernstrom, T., Scott, D., Wall, J. V., et al. 2014, MNRAS, 440,
2791
Vernstrom, T., Gaensler, B. M., Brown, S., Lenc, E., & Norris,
R. P. 2017, arXiv:1702.05069
Voges, W., et al. 1999, A&A, 349, 389
Wilcots, E. 2004, New Astron. Rev., 48, 1281
Xu, Y., Kronberg, P. P., Habib, S., & Dufton, Q. W. 2006, ApJ,
637, 19
Zucca, A., Li, Y., & Pogosian, L. 2016, arXiv:1611.00757
This paper has been typeset from a TEX/LATEX file prepared by
the author.
Figure 6. Top: Orthographic projection of the upper limit cos-
mological model of the cosmic web with all structure except for the
filaments masked out (see text). The mean synchrotron brightness
in the filamentary structures is 0.16 mJy arcmin−2. Bottom: The
magnetic field upper limit map derived from the same simulation,
with the same mask. The average upper limit (mass-weighted)
field is B<0.03 (0.13) µG.
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